Obtaining a better understanding of mechanisms involved in bacterial infections is of paramount importance for the development of novel agents to control disease caused by (antibiotic resistant) pathogens in aquaculture. In this study, we investigated the impact of catecholamine stress hormones on growth and virulence factor production of pathogenic vibrios (i.e. two Vibrio campbellii strains and two Vibrio anguillarum strains). Both norepinephrine and dopamine (at 100 lM) significantly induced growth in media containing serum. The compounds also increased swimming motility of the tested strains, whereas they had no effect on caseinase, chitinase, and hemolysin activities. Further, antagonists for eukaryotic catecholamine receptors were able to neutralize some of the effects of the catecholamines. Indeed, the dopaminergic receptor antagonist chlorpromazine neutralized the effect of dopamine, and the a-adrenergic receptor antagonists phentolamine and phenoxybenzamine neutralized the effect of norepinephrine, whereas the b-adrenergic receptor antagonist propranolol had limited to no effect. Finally, pretreatment of pathogenic V. campbellii with catecholamines significantly increased its virulence toward giant freshwater prawn larvae. However, the impact of catecholamine receptor antagonists on in vivo virulence was less clear-cut when compared to the in vitro experiments. In summary, our results show that -similar to enteric pathogens -catecholamines also increase the virulence of vibrios that are pathogenic to aquatic organisms by increasing motility and growth in media containing serum.
Introduction
Aquaculture is the fastest growing food-producing sector (Bostock et al., 2010) and plays an important role in the economic development worldwide. World aquaculture production increased from 47.3 million tons in 2006 to 63.6 million tons in 2011 and accounted for about 42% in the world fish and shellfish supply (FAO, 2012) . In view of the still growing human population, the sector will need to continue growing. However, disease outbreaks are still a significant constraint to this growth and lead to huge losses in the aquaculture industry worldwide (Austin & Zhang, 2006; Ruwandeepika et al., 2011; De Schryver et al., 2014) . The frequent use of antibiotics in attempts to control problems caused by pathogenic bacteria has led to the development of antibiotic resistance, and as a consequence, new strategies to control bacterial infections in aquaculture animals are urgently needed (Karunasagar et al., 1994; Moriarty, 1999; Defoirdt et al., 2011) .
Pathogenic bacteria produce several virulence factors, that is, gene products that enable them to enter and damage the host. Inhibiting the production of these virulence factors, a strategy that has been termed 'antivirulence therapy' is an interesting alternative to antibiotics for controlling bacterial infections (Defoirdt, 2013) . In this respect, it is important to obtain a better understanding of mechanisms involved in bacterial infection as this knowledge can lead to the development of novel control agents.
Host stress has been known for a long time to influence the outcome of host-microbe interactions, and this has been associated with a decreased activity of the host defense system (Verbrugghe et al., 2012) . The effects of stress on immunological responses are a consequence of the release of glucocorticoids and biogenic amines, and these mechanisms are conserved in vertebrates and invertebrates (Ottaviani & Franceschi, 1996) . During the past decades, evidence has been provided that infectious bacteria have evolved specific detection systems for sensing stress hormones produced by their host and that detection of these stress hormones results in increased virulence of the pathogens (Lyte, 2004) . Previous studies have shown that catecholamine stress hormones can influence growth, motility, biofilm formation, and/or virulence of intestinal pathogens such as Escherichia coli and Salmonella spp. (Verbrugghe et al., 2012) . Further, antagonists of adrenergic and dopaminergic receptors of mammals can also block catecholamine-induced effects in bacteria (Sharaff & Freestone, 2011) , and it has been hypothesized that cell-to-cell signaling within the mammalian neuroendocrine system actually represents a late horizontal gene transfer from bacteria (Iyer et al., 2004) . Interestingly, catecholamine stress hormones have also been found to increase growth and virulence in human pathogenic Vibrio parahaemolyticus (Nakano et al., 2007a) . Hence, sensing and responding to catecholamines might also be important with respect to vibriosis in aquaculture organisms as aquatic animals (both invertebrates and vertebrates) also produce these compounds (Ottaviani & Franceschi, 1996) .
In this study, we investigated the impact of the catecholamine stress hormones dopamine and norepinephrine and of mammalian catecholamine receptor antagonists on growth and the expression of virulence-related phenotypes in pathogenic vibrios (including swimming motility, caseinase, chitinase, and hemolysin activities) and determined the impact of these compounds on the virulence of Vibrio campbellii BB120 toward larvae of the commercially important giant freshwater prawn (Macrobrachium rosenbergii).
Materials and methods

Bacterial strains and growth conditions
The strains used in this study are listed in Table 1 . All strains were stored at À80°C in 40% glycerol, and the stocks were streaked onto Luria-Bertani agar containing 12 g L À1 Instant Ocean synthetic sea salt (Aquarium Systems Inc., Sarrebourg, France) (LB 12 ). After 24 h of incubation at 28°C, a single colony was inoculated into 5 mL fresh LB 12 broth and incubated overnight at 28°C under constant agitation (100 rotations min À1 ). Cell densities were measured spectrophotometrically at 600 nm.
Preparation of stress hormone and inhibitor stocks
Stress hormones and inhibitors used in this study are listed in Table 2 . All compounds were obtained from Sigma (Germany), and stock solutions were prepared at 5 mM. For all assays, filter-sterilized stress hormone stock solutions were added after autoclaving the agar (and cooling down to 50°C) to reach a final concentration of 100 lM. The inhibitors were tested at 50 and 100 lM. When organic solvents were used to prepare stock solutions, control treatments were performed using the same volume of the solvent to verify that the observed effects were not due to the solvent.
Growth assays
For the bacterial growth assays, a single colony was grown overnight in LB 12 broth at 28°C, after which the culture For the experiment using the eukaryotic catecholamine receptor inhibitors, we used different concentration (50 and 100 lM) of norepinephrine or dopamine, and 100 lM of the respective inhibitor (i.e. chlorpromazine for dopamine and phentolamine for norepinephrine). Cultures were grown in 96-well plates at 28°C for 48 h, and the turbidity at 600 nm was monitored every hour using a multireader machine (Infinite M200, TECAN, Austria). Growth curves were obtained from triplicate data.
Motility assay
For assessing the effects of the stress hormones on motility, LB 12 soft agar plates (containing 0.3% agar) were used. Strains were spotted at the center of the plates (10 lL), and the diameter of the motility zones was measured after 24 h of incubation at 28°C (Yang & Defoirdt, 2014) .
Caseinase and hemolysin assays
Both assays were performed according to Natrah et al. (2011) . The caseinase assay plates were prepared by mixing equal volumes of autoclaved double strength LB 12 agar and a 4% skim milk powder suspension (Oxoid, UK), sterilized separately at 121°C for 5 min. Clearing zones surrounding the bacterial colonies and colony diameters were measured after 24 h of incubation at 28°C. Hemolytic assay plates were prepared by supplementing autoclaved LB 12 agar with 5% defibrinated sheep blood (Oxoid). Colony diameters and clearing zones were measured after 2 days of incubation at 28°C.
Chitinase assay
Colloidal chitin was prepared based on the protocol of Nagpure & Gupta (2012) with some modifications. Two hundred and fifty milligram of chitin from shrimp shells (Sigma, Germany) was added into 2.5 mL of 85% phosphoric acid and kept at 5°C for 24 h. Thereafter, 50 mL of tap water was added and the gelatinous white material thus formed was separated by filtration through filter paper. The retained cake was washed with tap water until the filtrate had a pH of 7.0. Chitinase assay plates were prepared by mixing autoclaved LB 12 agar with 0.1% (v/v) of the colloidal chitin. After 2 days of incubation at 28°C, colony diameters and clearing zones were determined and the ratio between both was calculated as a measure for chitinase activity.
Pretreatment of V. campbellii BB120 for giant freshwater prawn challenge tests
To avoid any direct effect on the giant freshwater prawn larvae, V. campbellii was pretreated with the catecholamines (and inhibitors), after which the compounds were washed away prior to addition to the rearing water. Briefly, V. campbellii was grown in LB 12 broth in the presence of hormones for 16 h and subsequently incubated for 4 h in the presence of norepinephrine (with and without phentolamine) or dopamine (with and without chlorpromazine). After incubation, the cultures were centrifuged at 1700 g for 5 min. The supernatant was removed, and bacteria were re-suspended in autoclaved brackish water (12 g L À1 Instant Ocean), supplemented with 10% of LB 12 . Untreated V. campbellii cultures treated in the same way were used as controls. The bacteria were inoculated into the prawn rearing water at 10 6 CFU mL À1 .
Axenic hatching of brine shrimp for prawn larval feeding
Decapsulation and hatching of axenic brine shrimp Artemia was performed as described previously (Defoirdt et al., 2006) . Briefly, 200 mg cysts (Ocean Nutrition Europe, Essen, Belgium) were hydrated in a 50-mL tube containing 18 mL distilled water for 1 h. Sterile cysts were obtained via decapsulation using 660 lL NaOH (32%) and 10 mL NaOCl (50%). The suspension was gently shaken under a laminar flow hood. The reaction was stopped after 2 min by adding 14 mL Na 2 S 2 O 3 (10 g L À1 ). The decapsulated cysts were washed with fresh autoclaved synthetic sea water (35 g L À1 Instant Ocean) over a 100-lm sieve and transferred to two sterile 50-mL tubes, each containing 30 mL sterile synthetic brackish water (12 g L À1 Instant Ocean). The tubes with decapsulated cysts were incubated at 28°C for 24 h on a rotor under constant light.
Giant freshwater prawn larval challenge tests
The experiments were performed as described in Pande et al. (2013) . Briefly, prawn broodstock maintenance was performed according to Cavalli et al. (2001) and water quality parameters were adjusted according to New (2003) . The larvae were obtained from a single oviparous female breeder. A matured female which had just completed its premating molt was mated with a hard-shelled male as described before (Baruah et al., 2009 ). The female with fertilized eggs was then maintained for 20-25 days to undergo embryonic development. When the eggs were fully ripe (indicated by dark gray color), the female was transferred to a hatching tank (30 L) containing slightly brackish water (6 g L À1 Instant Ocean). The water temperature was maintained at 28°C by a thermostat heater. The newly hatched larvae with yolk were left for 24 h in the hatching tank. The next day, prawn larvae with absorbed yolk were distributed in groups of 25 larvae in 200-mL glass cones containing 100 mL fresh autoclaved brackish water (12 g L À1 Instant Ocean). The glass cones were placed in a water bath maintained at 28°C and were provided with aeration lines. The larvae were acclimatized to the experimental conditions for 24 h, after which they were challenged with Vibrio campbellii by adding the strains at 10 6 CFU mL À1 to the rearing water.
Throughout the experiment, larvae were fed daily with three axenic brine shrimp Artemia/prawn larva. During the experiments, water quality parameters were kept at minimum 5 mg L À1 dissolved oxygen, maximum 0.5 mg L À1 ammonium-N, and maximum 0.05 mg L À1 nitrite-N. Survival was counted daily in the treatment in which larvae were challenged with untreated V. campbellii by considering that only those larvae presenting movement of appendages were alive, and the challenge test was stopped when more than 50% mortality was achieved in this treatment (to have enough larvae remaining for the growth measurement). At this time point, larval survival was determined in all other treatments as well. The growth parameter larval stage index (LSI) was determined according to Maddox & Manzi (1976) on five randomly sampled larvae from each replicate.
Statistical analysis
The bacterial swimming motility data were analyzed using independent samples t-tests, while the data from the in vitro experiment of catecholamine inhibitors and in vivo challenge test data were analyzed using one-way ANOVA. Significant differences between individual samples were determined using Tukey's post hoc test. Survival data of prawn larvae were arcsine-transformed to satisfy normal distribution and homoscedasticity requirements. All statistical analyses were performed using the SPSS program version 20.
Results
Impact of norepinephrine and dopamine on virulence factor activities of the vibrios in vitro
To investigate the impact of the catecholamines on swimming motility of pathogenic vibrios, we tested the effect of 100 lM norepinephrine or dopamine on motility of V. campbellii BB120, V. campbellii LMG 21363, V. anguillarum HI610, and V. anguillarum NB10 on soft agar. The catecholamines significantly increased swimming motility in all strains tested (Table 3) . Eukaryotic catecholamine receptor antagonists have been reported to neutralize catecholamine-induced effects in enteric pathogens (Freestone et al., 2007) , and therefore, we investigated the impact of eukaryotic catecholamine receptor antagonists on catecholamine-induced motility in the four test strains. The dopaminergic receptor antagonist chlorpromazine neutralized the effect of dopamine for all strains in a concentration-dependent way (Fig. 1a) . The b-adrenergic antagonist propanolol had a very small effect on norepinephrine-induced swimming motility of the V. anguillarum strains, whereas it had no effect on norepinephrine-induced motility of the V. campbelli strains (Fig. 1b) . In contrast, the aadrenergic receptor antagonists phenoxybenzamine and phentolamine significantly blocked norepinephrineinduced motility of all tested strains, although the effect was modest for phenoxybenzamine in V. anguillarum NB10 (Fig. 1c and d) . Finally, neither dopamine nor norepinephrine affected hemolysin, protease, and chitinase activities in any of the tested strains (data not shown).
Impact of norepinephrine and dopamine on growth of the vibrios in the presence of serum
The impact of catecholamines on growth of bacteria thus far mostly has been investigated in SAPI medium with serum. However, none of the vibrios was able to grow in SAPI, even without serum (data not shown). Therefore, we decided to study the effect in LB 12 medium, with and without the addition of serum. The addition of serum resulted in a complete growth inhibition in LB 12 for all strains tested in the absence of catecholamines. Figures 2a, c and 3a , c show the results obtained for strains BB120 and NB10 as examples for V. campbellii and V. anguillarum, respectively. In the absence of serum, the catecholamines had no effect on growth (Figs 2b, d and 3b, d). We further investigated whether eukaryotic catecholamine receptor antagonists could neutralize the impact of the catecholamines on growth in the presence of serum. The dopaminergic receptor antagonist chlorpromazine and the adrenergic receptor antagonist phentolamine were selected based on their effect in the motility assays. The antagonists were not able to significantly neutralize the effect of dopamine and norepinephrine when the hormones were added at 100 lM (data not shown). However, the antagonists (at 100 lM) were able to (partially) inhibit catecholamine-induced growth obtained at 50 lM of the catecholamines (Figs 2a, 2c and 3a, c) . The receptor antagonists did not affect the growth of the vibrios in LB 12 medium without serum (Figs 2b, d and 3b, d ).
Impact of catecholamines and catecholamine receptor antagonists on the virulence of V. campbellii BB120 toward giant freshwater prawn larvae
We investigated the impact of the catecholamines and their respective receptor antagonists on the virulence of V. campbellii BB120 toward giant freshwater prawn larvae. Chlorpromazine was used as dopaminergic receptor antagonist, and phentolamine was selected as adrenergic receptor antagonist. To avoid any direct effect of the catecholamines on the host, V. campbellii was pretreated with the catecholamines (with or without antagonist), after which the compounds were removed prior to inoculation into the rearing water of the larvae. The catecholamines significantly increased the virulence of V. campbellii (Table 4) . Further, the dopaminergic receptor antagonist chlorpromazine could not neutralize the effect of dopamine, whereas the adrenergic receptor antagonist phentolamine only neutralized the effect of norepinephrine at a relatively high concentration and in only 2 of the 3 trials. Finally, although there were significant differences in survival between the different treatments, there were no differences in growth of the surviving larvae (data not shown). Schryver et al., 2014) . Other factors are stressful conditions which evoke neuroendocrine responses of the hosts involving the release of catecholamines (Li et al., 2005) . In the current study, we demonstrated that the catecholamines norepinephrine and dopamine significantly induced the swimming motility of V. anguillarum and V. campbellii. Swimming motility is an important phenotype with respect to infection of both V. campbellii and V. anguillarum and is probably involved in host colonization (O'Toole et al., 1996; Yang & Defoirdt, 2014) . Our finding is in agreement with previous work in which catecholamines were found to enhance the motility of E. coli (Kendall et al., 2007) , Salmonella typhimurium (Bearson & Bearson, 2008) , Campylobacter jejuni (Cogan et al., 2007) , and the fish pathogen Edwardsiella tarda (Wang et al., 2011) . Catecholamines are produced by hemocytes of invertebrates and have been reported to be present in the eyestalk, thoracic ganglion, and hemolymph of giant river prawn. Concentrations in the hemolymph of shrimp and prawn that have been reported range between 10 nM and c. 3 lM (Chen et al., 2003; Hsieh et al., 2006; Pan et al., 2014) . These concentrations are lower than the concentrations used in this study (100 lM). However, local concentrations can be considerably higher. For instance, the intrasynaptic concentration of norepinephrine in the central nervous system of mammals is as high as 10 mM (vs. nM levels in serum) (Lyte, 2004) . Hence, upon infection, pathogens can come into contact with local concentrations that are several orders of magnitude higher than those that are found in hemolymph (or serum in case of vertebrates). This probably is also the case when tissues and/or hemocytes are damaged during infection.
We further found that chlorpromazine, an antagonist of eukaryotic dopamine receptors, could neutralize the motility-inducing effect of dopamine. Meanwhile, the aadrenergic receptor antagonists phentolamine and phenoxybenzamine could neutralize the motility-inducing effect of norepinephrine, whereas the b-adrenergic receptor antagonist propranolol had no or very little effect. This is in agreement with a previous study showing that a-adrenergic receptor antagonists neutralize the motilityinducing effect of norepinephrine in intestinal pathogens (Freestone et al., 2007) . In contrast, other reports showed that both a-adrenergic and b-adrenergic receptor antagonists were able to block the response of E. coli O157:H7 to norepinephrine and epinephrine (Sperandio et al., 2003) .
Norepinephrine and dopamine enabled all tested Vibrio strains to grow in the presence of serum [which is added to mimic the host environment where the availability of iron is also limited by high-affinity ferric-iron-binding proteins such as transferrin (Freestone et al., 2008) ], and the addition of antagonists of eukaryotic catecholamine receptors together with the catecholamines could partially neutralize this effect. Catecholamines have been shown to increase the growth of different Gram-negative bacteria (including Vibrio parahaemolyticus and Vibrio mimicus) in minimal medium containing serum (Lyte, 2004; Nakano et al., 2007b) . Iron is important with respect to proliferation of bacterial pathogens during infection, and its acquisition from the iron-binding protein transferrin is critical for growth when cultured in the presence of serum (Freestone et al., 2003) . The mechanistic explanation that prevails in literature is that catecholamines form complexes with transferrin, which reduces the ferric iron (Fe 3+ ) to ferrous iron (Fe 2+ ), a valency for which ironbinding proteins have a much lower affinity. The complex formation thus results in weakening of the bond between iron and transferrin (Sharaff & Freestone, 2011; Freestone, 2013) . Our observation that catecholamine receptor antagonists are able to partially neutralize the growthstimulatory effect of catecholamines suggests that a regulatory mechanism involving catecholamine receptors is involved as well, and this has also been reported for enteric pathogens such as E. coli O157:H7, Salmonella enterica, and Yersinia enterocolitica (Freestone et al., 2007) . Finally, it should be noted that in addition to limiting iron availability, serum might have other effects on the pathogens as well.
Our in vivo challenge tests revealed that pretreatment of V. campbellii with catecholamines increased the virulence of the bacterium toward giant freshwater prawn larvae, whereas the growth of the surviving larvae was not influenced. By pretreating the pathogen with catecholamines, we avoided any direct effect of the compound on the host (e.g. decreased activity of the defense system), ensuring that any impact on survival of challenged prawn larvae was due to increased virulence of the pathogen. Vibrio campbellii was pretreated with catecholamines to simulate transmission from a host site where catecholamines were present (e.g. due to stress and/or cell and tissue damage). In combination with our observation that the catecholamines increased swimming motility of the vibrios (an important factor during the initial stages of infection; McCarter (2004)), our results indicate that sensing elevated catecholamine levels increases the success of transmission to a new host. Hence, elevated catecholamine levels might be a cue informing the pathogen that the infection reached a final stage (cell and tissue damage) and that it is time to leave the host.
In contrast to our in vitro data showing that catecholamine receptor antagonists could neutralize the effects of the catecholamines, the effect of the antagonists toward in vivo virulence was not consistent, with phentolamine having an effect in 2/3 independent experiments and chlorpromazine having an effect in only 1/3 experiments. One explanation might be that differences in the activities of the larvae-associated microbiota (e.g. production of compounds that interfere with catecholamine sensing) and/or the response of the larvae to the microbiota (e.g. by producing different levels of catecholamines) might be responsible for the differences between the trials. Another explanation might be that in addition to the stimulation of growth and virulence via a receptor-mediated mechanism (which is affected by the antagonists), the catecholamines also stimulate virulence through another mechanism not involving these receptors. One such mechanism could be the induction of a stimulator of growth, as described before in enteric bacteria (Lyte et al., 1996; Freestone et al., 1999) .
In conclusion, our study showed that catecholamines can increase the virulence of aquaculture pathogenic vibrios by increasing their growth in an iron-limited environment and by increasing swimming motility. As swimming motility is required during the early stages of infection, the catecholamine-induced increase in swimming motility can be an important factor to increase the success of transmission to a new host. Catecholamineinduced effects could be neutralized by antagonists for eukaryotic catecholamine receptors, suggesting that receptors with a similar specificity are involved in the response of the vibrios to the catecholamines.
